Abstract. Several alpha-induced astrophysical reactions have been studied at CRIB (CNS Radioactive Ion Beam separator), which is a low-energy RI beam separator at Center for Nuclear Study (CNS) of the University of Tokyo. Two major methods to study them are the α resonant scattering, and direct measurements of (α,p) reactions using an active or inactive helium gas target. Among the recent studies at CRIB, the measurement of 7 Be+α resonant scattering is discussed.
Introduction
CRIB [1, 2] is a radio-isotope (RI) beam separator operated by Center for Nuclear Study (CNS), the University of Tokyo, installed in the RIBF facility of RIKEN Nishina Center. CRIB can produce lowenergy (< 10 MeV/u) RI beams in flight, using primary heavy-ion beams from the AVF cyclotron of RIKEN (K=70). Most of the RI beams are produced via direct reactions such as (p, n), (d, p) and ( 3 He, n) , taking place at an 8-cm-long gas target with a maximum pressure of 760 Torr. A cryogenic target system, in which the target gas can be cooled down to about 90 K, is currently available, and an intense 7 Be beam of 2 × 10 8 pps was produced using the system [3] . The secondary beam is purified with an magnetic analysis using dipole magnets, and with a Wien filter, which can separate the beams according to their velocities. For relatively light RI beams such as 7 Be, we can obtain a good purity of almost 100% after the Wien filter.
The low-energy RI beams at CRIB are suitable for studies of astrophysical reactions and nuclear structure. An experimental method extensively used was the thick-target in inverse kinematics method [4] . In that method, the beam energy is degraded in a thick reaction target, and reactions occur at various center-of-mass energies. We detect light particles emitted after reactions, and reconstruct the kinematics. This method has several advantages, namely, (a) using inverse kinematics, we can study reactions with short-lived RI which cannot be used as the target, (b) we can perform simultaneous measurements of cross section of various excitation energies without varying the incoming RI beam energy, and (c) we can perform measurements at 180
• in center-of-mass angle, where the Coulomb scattering is minimal. Many fruitful results have been obtained at CRIB with this method [5] [6] [7] [8] [9] .
A recent major topic of our interest is the measurement of alpha-induced reactions. 7 Be beams have also been measured. These measurements are related to astrophysical (α, γ) reaction rates, and are also relevant for studying nuclear cluster structure. Another possible method to study (α, γ) reactions using RI beams is to measure the ( 6 Li, d) transfer reaction. This could be applied, for example, 15 O beam to study the 15 O(α, γ) reaction. However, the beam intensity would be a key issue when we use RI beams. According to our estimation, an intense 15 O beam of 10 8 pps-order is required to resolve the relevant resonance at 4.03 MeV from others. Among the performed experiments, the one on 7 Be+α scattering measurement, which is related to the cluster structure of 11 C, is presented below.
Beryllium-7+α elastic resonant scattering
The measurement of 7 Be+α scattering can be associated with the 7 Be(α, γ) reaction. The 7 Be(α, γ) reaction is considered to play an important role in the hot p-p chain and related reaction sequences [10] . Several reaction sequences including the 7 Be(α, γ) reaction should take place in some hightemperature environments at T 9 > 0.2, where T 9 is the temperature in GK. In the νp-process in core-collapse supernovae [11] , the 7 Be(α, γ) reaction may contribute as much as the triple-α process to the synthesis of elements heavier than boron at the relevant temperature of T 9 = 1.5-3, according to a theoretical calculation [12] . The Gamow energy window at the highest temperature T 9 = 3 corresponds to the excitation energy E ex =8.2-9.6 MeV in 11 C. By our study, the resonant reaction rate should be evaluated more precisely by determining α widths for the resonances at high temperatures.
In 2010, we performed the measurement of 7 Be+α resonant elastic and inelastic scatterings with the thick-target method in inverse kinematics at CRIB [13] . A low-energy 7 Be beam at 14.7 MeV was produced using a 2.3-mg/cm 2 -thick hydrogen gas target and a primary 7 Li beam at 5.0 MeV/u. The typical 7 Be beam intensity used in the measurement was 1-2 × 10 5 per second at the secondary target, and the main measurement using a thick helium-gas target was performed for 4 days, injecting 2.9 ×10 10 7 Be particles into the target. We obtained an excitation function with several peaks, which correspond to the resonance structure in 11 C. An R-matrix analysis was performed to deduce the parameters of these resonances, as illustrated in Fig. 1 . A similar measurement was independently carried out at other facilities [14] , but our measurement was with γ-ray detection to identify inelastic scatterings, and several differences are found in the obtained spectra [13] .
3 Astrophysical reaction rate of 7 
Be(α, γ)
The resonances observed in the present work might contribute to the astrophysical 7 Be(α, γ) 11 C reaction rate at high temperature, T 9 > 1.5. Here we calculate the resonant reaction rate and compare it with the total reaction rate evaluated in NACRE [15, 16] . In the evaluation in NACRE, only 2 resonances at 8.1045 and 8.420 MeV are included. These two resonances dominate the reaction rate N A σv up to the temperature T 9 ∼ 3, and a Hauser-Feshbach calculation was used to provide the EPJ Web of Conferences 07027-p.2 reaction rate at higher temperatures. The resonant reaction rates were calculated for three resonances using analytical formula described in [15] , and plotted in Fig. 1 . Table 1 shows the parameters we Table 1 for the labels). The evaluation by NACRE and NACRE-II are shown for comparison. The contribution by the 8.420-MeV resonance, included in NACRE, is also shown. Table 1 . Parameters used in the reaction rate calculation. The dominant destination states of the γ decay according to our calculation are also shown. used in the calculation. The Γ γ and the decay scheme are experimentally unknown for this energy range. Therefore, we evaluated Γ γ by a calculation based on the Weisskopf unit with a spectroscopic factor of 0.1, which roughly reproduces the experimentally known Γ γ of the 8.1045 and 8.420-MeV resonances. Note that such a spectroscopic factor was not explicitly used in the plot of our previous publication [9] . The labels (a)-(d) in Fig. 1 correspond to the ones in Table 1 . (a) is for our newly identified resonance at 8.90 MeV. J π was taken to be 9/2 + from our best fit. Since the J π assignment may not be correct, we also evaluated the contribution for the same resonance, but when the resonance had a lower spin of 3/2, shown as (b). Basically (b) contributes to the reaction rate more, but its tail contribution is smaller than (a). For T 9 = 2-3, where the 8.420-MeV resonance dominates the reaction rate, the contribution of the 8.90-MeV was evaluated as around 10% of the total reaction rate. (c) is for the 9.20-MeV resonance, where we also found a small peak in the spectrum. We used J π = 5/2 + and the total width Γ tot =500 keV from a previous measurement [17] , although such a large Γ tot was inconsistent with our R-matrix analysis. (d) is for the 9.97-MeV resonance, which was identified as a strong alpha resonance in the spectrum. The tentative assignment of J π = 7/2 − [17] was used for the evaluation, and a smaller contribution was obtained, as shown in Fig. 1 . We also evaluated con-tributions for higher resonances, but none of them had an effect as much as or larger than the case (d).
In summary, the resonances at 8.90 MeV and 9.20 MeV have a possibility to give significant contributions to the reaction rate for T 9 = 1.5-3, although they are unlikely to be more than the contribution of the 8.420-MeV resonance, which dominates the reaction rate. Considering that the Γ γ used here could be underestimated by factors and the decay widths and J π are also uncertain, more studies are necessary for the determination of resonant parameters in the excitation energy region of E ex = 8.5-9.5 MeV, which might be difficult to access from the 10 B+p channel. On the other hand, the resonances above 9.5 MeV can be considered as negligible for even higher temperature, 3 < T 9 < 10.
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